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vii . These small loads can be met by systems other than today's typical ducted forced-air systems. For example, distributed fan coils with minimized ducts, terminal fan coil units, or point source units with buoyant force or ventilation-driven distribution may provide sufficient occupant comfort in a low-load home. These systems, which can have lower total installed costs than traditional ducted forced-air systems (Stecher 2011) , allow the thermal enclosure characteristics of low-load houses to provide first-cost savings in addition to operational cost savings.
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The purpose of this study is to help determine cost-effective solutions for heating and cooling houses that are designed to be energy efficient. This is done by testing the occupant comfort performance of some concepts that may already exist on the market but are not in use by production homebuilders. In some cases, the products are market available, but their use in housing may be a new application. The standards used to assess the performance of the systems in this study are Air Conditioning Contractors of America (ACCA) Manual RS (Rutkowski 1997) and ASHRAE Standard 55-2010 (ASHRAE 2010a .
This report addresses the following two research questions:
• To what extent do alternative space conditioning distribution strategies meet ACCA and ASHRAE guidelines for room-to-room temperature uniformity and stability, respectively? Under what weather conditions do indoor temperatures rise above or fall below the guidelines?
• How substantially do the alternative strategies differ from typical ducted forced-air systems in their ability to meet the ACCA and ASHRAE guidelines?
To address these questions, IBACOS performed energy modeling and created two low-load test facilities with instrumentation to enable the testing of several experimental alternatives to traditional forced-air distribution designs. One facility is a retrofit unoccupied test house in Fresno, California (Stecher and Poerschke 2013) ; the other is a new construction unoccupied test house in Pittsburgh, Pennsylvania. Several systems were tested in each house. This report outlines the results of the four systems tested in the Pittsburgh test house:
• Typical airflow volume ducted distribution system routed to all spaces requiring conditioning, with two thermostatically controlled zones-one for the first floor and one for the second floor-with ducts sized to meet peak system airflow output.
• Low airflow volume ducted distribution system to the bedrooms (19 to 23 CFM each) and a single point of delivery to the main living space; one thermostatically controlled zone for the bedrooms and one for the main living space.
• Over-door powered transfer fans to connect the bedrooms to the upstairs hallway, which is served by a single register on its own thermostat; a single register with its own thermostat served the first floor.
• No active systems-only open doors-to thermally connect the bedrooms to the upstairs hallway, which is served by a single register on its own thermostat; a single register with its own thermostat served the first floor.
The measured performance of the four systems in the Pittsburgh test house with respect to ASHRAE Standard 55-2010 Section 5.2.5 (Temperature Variations with Time) (ASHRAE 2010a) showed that failures according to that standard for all four systems tended to be cyclic in nature. The frequency of failure-that is, the room temperature change over time that is outside the bounds of the standard-and the rooms that failed varied from system to system. Room temperature change of greater than 2°F over durations of time greater than 15 min were rare in most cases; however, it was observed that these temperature changes were a result of specific bedrooms having a different load profile than the rest of the house. The transfer fan system was most successful in the bedrooms at the expense of frequent cyclic failure in the upstairs landing and living room, whereas the typical and low airflow systems were most successful at maintaining a high passing rate in all rooms throughout the house.
During heating mode, all systems failed to meet ACCA Manual RS guidelines (Rutkowski 1997) for room temperature variation from the thermostat set point at some point. The type of failure was indicative of each system type, with the typical airflow system both over-and underheating spaces, while the low volume and transfer fan system consistently underheated the bedrooms. Each system showed an 80% failure rate in at least one bedroom. During midseason heating conditions, all systems showed improved performance with smaller room-to-thermostat temperature differences and typically a lower failure rate.
The typical airflow system had the best ability to meet the ACCA Manual RS guidelines (Rutkowski 1997 ) and the ASHRAE Standard 55-2010 Section 5.2.5 (Temperature Variations with Time) requirements (ASHRAE 2010a). The low airflow system performed competitively enough to be worthy of future consideration. Although the transfer fan system was effective at meeting the requirements in the bedrooms, it did this at the expense of over-conditioning the second-floor landing. The success of leaving the bedroom doors open with no distribution system is indicative of one factor that may impact comfort complaints in homes with real occupants: leaving the interior doors open can help compensate for an ineffective distribution system.
Cutting-edge builders are achieving thermal enclosure performance that may make possible systems that use less distribution ductwork. This report offers insight into some strategies for reducing the amount of distribution ductwork. The report also provides heretofore unmeasured data for the range and frequency of potential thermal discomfort that occupants may experience when using each of these strategies. Thus, builders now can use this information to discuss space conditioning options with their clients to determine the level of potential discomfort the occupants are willing to accept to have a cost-optimized, cutting-edge, energy-efficient house.
Introduction and Background
IBACOS anticipates that houses achieving 50% whole-house source energy savings with respect to the Building America 2010 Benchmark (Hendron and Engebrecht 2010a) will be considered "low load." Low load is defined by IBACOS as a house with a thermal enclosure that yields a maximum space heating and cooling load of less than 10 Btu/h/ft 2 of conditioned floor area (31.5 W/m 2 [1,200 ft 2 /ton]). These small loads can be met by systems other than today's typical ducted forced-air systems. For example, distributed fan coils with minimized ducts, terminal fan coil units, or point source units with buoyant force or ventilation-driven distribution may provide sufficient occupant comfort in a low-load home. These systems, which can have lower total installed costs than traditional ducted forced-air systems (Stecher 2011) , allow the thermal enclosure characteristics of low-load houses to provide first-cost savings in addition to operational cost savings.
The purpose of this study is to help determine cost-effective solutions for heating and cooling houses that are designed to be energy efficient. This is done by testing the occupant comfort performance of some concepts that may already exist on the market but are not in use by production homebuilders. In some cases, the products are market available, but their use in housing may be a new application. The standards used to assess the performance of the systems in this study are ACCA Manual RS (Rutkowski 1997) and ASHRAE Standard 55-2010 (ASHRAE 2010a). These two standards also are what traditional ducted forced-air systems are required to meet. Although some may question if most field-installed traditional ducted forcedair systems actually do meet these standards, a large-scale study of the field-installed performance of traditional ducted forced-air systems is beyond the scope of this research. However, such a study should be considered by researchers in the future.
This report addresses the following research questions:
• To what extent do alternative space conditioning distribution strategies meet Air Conditioning Contractors of America (ACCA) and ASHRAE guidelines for room-toroom temperature uniformity and stability, respectively? Under what weather conditions do indoor temperatures rise above or fall below the guidelines?
• How substantially do the alternative strategies differ from typical ducted forced-air systems in their ability to meet ACCA and ASHRAE guidelines?
To answer these questions, IBACOS performed energy modeling and created two low-load test facilities with instrumentation to enable the testing of several experimental alternatives to traditional forced-air distribution designs. One facility is a retrofit unoccupied test house in Fresno, California (Stecher and Poerschke 2013) The following systems were tested in the Pittsburgh test house:
• Low airflow volume ducted distribution system to the bedrooms (between 19 and 23 CFM for each bedroom) and a single point of delivery to the main living space; one thermostatically controlled zone for the bedrooms and one for the main living space.
• No active systems-only open doors-to thermally connect the bedrooms to the upstairs hallway, which is served by a single register on its own thermostat; a single register with its own thermostat served the first floor. Pittsburgh test house were chosen to answer research questions unrelated to the research discussed in this report, the thermal enclosure specifications were sufficient to provide for low heating and cooling loads, as discussed in detail in Section 2.2. 
Mechanical Ventilation
Per ASHRAE Standard 62.2 (ASHRAE 2010b) continuous requirement via self-balancing ERV with exhaust from baths, kitchen, and laundry with supply into AHU return
Heating and Cooling
Water-to-air GSHP with integral desuperheater, ASHRAE/ARI/ISO 13256-1 rated part-load cooling, EER of 26.0, part-load heating COP of 4.6, full-load cooling EER of 18.5, full-load heating COP of 4.0, two stages of heating and cooling, two types of ground loops, traditional vertical well and experimental horizontal loop, below-the-basement slab assembly
Ductwork
Three strategies for evaluation: 1) standard system using duct board and insulated flex duct; 2) reduced volume distribution using polyvinyl chloride piping; 3) reduced distribution locations with one supply on each floor, all ductwork located within conditioned space, targeted leakage rate of 0% leakage to outdoors, and tested total system leakage of 15% to indoors and 0% leakage to outdoors
Water Heater
GSHP desuperheater serving a 400-L preheat storage tank with an EF of 0.91, which serves a conventional 200-L electric water heater with an EF of 0.94; cross-linked polyethylene piping water distribution with a homerun piping layout for the hot water supply and a distributed remote manifold system for the cold water supply
Appliances
ENERGY STAR ® -rated refrigerator and clothes washer with the lowest energy consumption ratings from within the builder's standard product line, dryer matched to washer, dishwasher is builder's standard ENERGY STAR-rated dishwasher but does not have the lowest energy consumption rating in its class Miscellaneous Electric Loads No strategies were incorporated to reduce this load area
Fluorescent Lighting
100% energy-efficient, high efficacy lighting design with a wireless light control system
PV System
3.8-kW solar PV array with a rated conversion efficiency of greater than 99%, consisting of 16 240-W panels, each panel equipped with its own microinverter ACH is air changes per hour. AHU is air handler unit. COP is coefficient of performance. EER is energy efficiency ratio. EF is energy factor. ERV is energy recovery ventilator. GSHP is ground source heat pump.
Load Calculation and System Selection-ACCA Manual J and Manual S
To establish the low-load nature of the house, the research team performed ACCA Manual J (Rutkowski 2006) calculations for peak total and room-by-room design loads based on the specification package shown in Table 1 . The calculations were performed using Wrightsoft Right-Suite Universal 8.0.11 software (Wrightsoft) . The input assumptions included the following:
• One occupant in each bedroom and one occupant in the family room (five total occupants)
• Peak internal gains of 2,400 Btu/h (703 W) according to ACCA Manual J, Section 9, Appliance, Equipment and Lighting Load Scenario 1, which assumes the house contains "a refrigerator, range with vented hood, dish washer, clothes washer and vented clothes dryer, and contains electronic equipment and lighting allowances." The peak internal gains are distributed as follows: "1000 Btu/h (293 W) for the kitchen, 500 Btu/h (147 W) for the utility room, and 900 Btu/h (264 W) for a TV or computer and a few lighting fixtures" (Rutkowski 2006 Individual room loads are shown in Table 2 . Using these loads and ACCA Manual S protocol (Rutkowski 1995) , IBACOS selected the equipment to be installed in the test house based on the manufacturer's equipment data. Due to other research needs unrelated to this study, a GSHP system was specified for the house. Because the total calculated airflow value for the house was smaller than the smallest size of AHU available from the manufacturer, the ACCA Manual S oversizing limit could not be followed, and the system as described in Table 1 was oversized by approximately a factor of 2. 2.3 Distribution System Development-ACCA Manual D and Manual T IBACOS implemented the four distribution systems in the Pittsburgh test house by manually connecting different ductwork systems to the central AHU. The team installed three different ductwork systems in the house, along with one transfer fan strategy. The detailed heating, ventilation, and air conditioning (HVAC) system design and commissioning for each of the four systems are documented as follows.
The ductwork used in each of the four distribution systems in the Pittsburgh test house was evaluated in the ACCA Manual D (Rutkowski 2009a) design process:
• Distribution system 1: Typical airflow volume ducted distribution system routed to all spaces requiring conditioning, with two thermostatically controlled zones-one for the first floor and one for the second floor-with ducts sized to meet peak system airflow output.
• Distribution system 2: Low airflow volume ducted distribution system to the bedrooms (19 to 23 CFM each) and a single point of delivery to the main living space; one thermostatically controlled zone for the bedrooms and one for the main living space.
• Distribution system 3: Over-door powered transfer fans to connect the bedrooms to the upstairs hallway, which is served by a single register on its own thermostat; a single register with its own thermostat served the first floor.
• Distribution system 4: No active systems to connect the bedrooms to the upstairs hallway, which is served by a single register on its own thermostat; a single register with its own thermostat served the first floor.
Using ACCA Manual D protocol (Rutkowski 2009a) , the duct systems were sized based on the individual room loads calculated by Wrightsoft Right-Suite Universal 8.0.11 (Wrightsoft) . Trunks were sized to enable 700 to 900 fpm (3.56 to 4.57 m/s) and branches at 400 to 500 fpm (2.03 to 2.54 m/s). The design pressure drop between each branch was maintained to within ±0.01 in. of water column (±2.5 Pa).
The supply registers in the bedrooms and bathrooms were sized using ACCA Manual T protocol (Rutkowski 2009b) . The distance from the register face to the exterior wall was measured, and 2 ft were added to ensure that the register had sufficient throw to reach the exterior wall and turn down to create air circulation within the space. IBACOS used these throw distances and ACCA Manual T noise criteria requirements (Rutkowski 2009b) to select the registers. Supply registers for all systems are located high on interior partition walls, a well-established method to provide cooling energy. IBACOS has determined, through research in cold climates, that this register placement provides equal occupant comfort when compared to perimeter floor registers for heating distribution (Rittelmann 2008 ).
The measured flow volume from each supply register was determined using a low-flow balometer flow hood with an accuracy of ±3% + 5 CFM (TSI 2012). A study by Wray et al. (2002) indicates actual error for these devices could be up to 30%. This error can have an impact on the results from this study and the actual real-world installation of HVAC equipment. Due to the lower overall magnitude of the airflow, the risk of measurement error suggesting a dramatically different amount of energy provided to a room is lower than that of a typical house.
Other factors contributing to energy gain or loss offer a relatively greater percentage of the error because airflow from the space conditioning system is smaller relative to other internal thermal transfer means within this house. Due to the lack of sufficient flat wall area surrounding some registers, the opening of the flow hood was made smaller using duct mask such that only the register face would fit through the opening.
Typical Airflow Volume Ducted Distribution to the Bedrooms
Distribution system 1-typical airflow volume ducted distribution system to the bedrooms and main living space-used ductwork sized according to ACCA Manual D (Rutkowski 2009a ) to provide airflows (Table 3) to meet ACCA Manual J loads (Rutkowski 2006) . Figure 2 shows the distribution system layout. Bedroom doors were closed during the testing of this system. There were two thermostatically controlled zones. The first floor and basement were controlled using a thermostat located in the center hallway; the second floor was controlled using a thermostat located in the master bedroom. A single electronically controlled damper for each zone was used to prevent or enable airflow. Ductwork supplying the bedrooms ran through the walls and ceiling, obstructing access and preventing dampers from being used to balance the system. The measured airflow values deviate significantly from the specified flows, but this is typical for a field-installed system. 
Low Airflow Volume Ducted Distribution to the Bedrooms
Distribution system 2-low airflow volume ducted distribution system to the bedrooms and a single point of distribution delivery into the main living space-was inspired by the Passivhaus ventilation systems in Europe, whereby the entire peak heating load of a residence is delivered via the volume of ventilation air required for good indoor air quality (Feist et al. 2005 ). In the case of the Pittsburgh test house, the amount of ventilation air required for good indoor air quality was 80 CFM per ASHRAE Standard 62.2 (ASHRAE 2010b). Assuming a temperature difference between the supply air and room air of 25°F, the total delivered energy that 80 CFM can deliver is 2,168 Btu/h. This value is approximately 19% and 12% of the total peak cooling and heating loads of the house, respectively (see Section 2.2), which are most likely inadequate for sufficient occupant comfort if used as the sole source of space conditioning. However, if the conditioned ventilation supply air were delivered to only the four bedrooms of the house, the delivered load would be approximately 35% of the peak loads in both heating and cooling for those rooms. The remaining portion of the house, which has an open floor plan, could be conditioned by a single supply register (Table 4 and Figure 3) . Although the peak load on the bedrooms was approximately three times greater than what the test system would deliver, it was anticipated that the substantial difference would reveal a clear success-to-failure transition point at certain load conditions on the house. To deliver the appropriate amount of airflow, a set of low-capacity ductwork leading to the bedrooms was connected to the second-floor zone output of the test AHU. Because the required airflow to the second-floor zone was significantly lower than the amount provided by the AHU, an additional duct leading to the unfinished basement was attached at the zone damper and incorporated a reheat device to neutralize the thermal energy impact of the air coming out of this duct during cooling mode.
Bedroom doors were closed during the testing of this system.
Over-Door Powered Transfer Fans to the Bedrooms
Distribution system 3 is over-door powered transfer fans to connect the bedrooms to the upstairs hallway, which was served by a single register on its own thermostat. In this system, a single register with its own thermostat served the first floor, whereas another single register with its own thermostat served the second-floor landing, with the specified airflows shown in Table 5 and shown by the red arrows in Figure 4 . Bedroom doors were closed during the testing of this system. To facilitate the movement of conditioned air from the landing to the bedrooms, a through-wall transfer fan was installed above each bedroom door (green arrows in Figure 4 ). These transfer fans are market available and are designed to be used in the manner installed in the Pittsburgh test house-to help circulate conditioned air to non-directly conditioned rooms. Each transfer fan ( Figure 5 ) was rated by the manufacturer to provide 75 CFM of airflow and was controlled by an individual thermostat in the room it served. The use of an individual thermostat for each transfer fan was intended to enable each transfer fan to respond to the conditions in the room it served. All thermostats in the house-transfer fan and HVAC systemwere set to the same temperature: 71°F in heating and 76°F in cooling. Return air pathways were provided in the bottom of each bedroom door. 
No Ducted Distribution to the Bedrooms with Doors Open
Distribution system 4-no active systems to connect the bedrooms to the upstairs hallway-was served by a single register on its own thermostat. A single register with its own thermostat served the first floor ( Figure 6 , Table 6 , and Figure 7 ). The decision to leave the bedroom doors open to facilitate free movement of air from the hallway was based on research performed by Barakat (1985 IBACOS (2008 IBACOS ( , 2010a IBACOS ( , 2010b ) from a Passivhaus in climate zone 5 also support this hypothesis. 
Field Test Methods
IBACOS performed field tests for 1 year in the Pittsburgh test house to determine the extent to which each system did or did not meet established guidelines. To ensure the collection of data for each system throughout the entire year, IBACOS operated each system for 12 days at a time, with 2 days allotted for changeover to the next system. The research team then used the collected data in an analysis incorporating the relevant comfort criteria. In this case, the criteria were limited to temperature-specifically, ACCA Manual RS (Rutkowski 1997 ) and ASHRAE Standard 55-2010, Sections 5.2.5 (Temperature Variations with Time), 7.3.2 (Temperature Cycles and Drifts), and 7.4 (Measuring Conditions) (ASHRAE 2010a)-because maintaining an acceptable indoor temperature represents the minimum requirement that an HVAC system must meet. Assuming some systems in this study are shown to be viable, future studies can focus on assessing the ability of these systems to meet other relevant comfort criteria.
Comfort Criteria
Occupant comfort is based on a combination of factors, including occupant clothing and activity level, room air temperature and humidity, mean radiant temperature, and room air velocities (ASHRAE 2010a). In this study, dry bulb temperature was determined to be the primary factor of consideration because most residential HVAC systems turn on and off based solely on the dry bulb temperature measured by the thermostat. To fail in this area indicates a fundamental failure of the system; to succeed in controlling temperature prompts follow-up questions of performance in other areas (e.g., humidity control) that require different experimental setups. The relevant standards for room air temperature are defined by ACCA Manual RS (Rutkowski 1997 ACCA Manual RS (Rutkowski 1997) requires the dry bulb temperature measured within any room of the thermostatically controlled zone to be within ±3°F of the thermostat setting during the cooling season. Similarly, the temperature during the heating season in any room must be within ±2°F of the thermostat set point temperature. The temperature difference measured between any two rooms in the zone (also known as the room-to-room temperature difference) should be no greater than 4°F in the heating season and no greater than 6°F in the cooling season. Multizone systems are used in this study; however, because each thermostat uses the same set point, the house is treated as one zone for assessment with respect to this standard.
ASHRAE Standard 55-2010 Section 5.2.5 (Temperature Variations with Time) (ASHRAE 2010a) outlines three types of fluctuations that are unsatisfactory to occupants: cyclic variations, drifts, and ramps. Cyclic variations involve temperature changes of greater than ±2°F over a 15-min interval. Drifts are temperature changes that are due to internal or external loads acting on the building, whereas ramps are caused by the space conditioning system. The temperature change during a drift or ramp can be positive or negative, and the allowable change in temperature is based on the duration of time over which it occurs. Specifically, for any 15-min period, no more than 2°F change is allowed; for any 30-min period, no more than 3°F is allowed. For any 60-min period, no more than 4°F is allowed. For any 120-min period, no more than 5°F is allowed, and for any 240-min period, no more than 6°F is allowed (ASHRAE 2010a).
ASHRAE Standard 55-2010 provides the researcher with Section 7.3.2 (Temperature Cycles and Drifts) and Section 7.4 (Measuring Conditions) in order to assess the criteria in Section 5.2.5 (ASHRAE 2010a). Section 7.3.2 (Temperature Cycles and Drifts) provides the equations to follow to determine the difference in temperature over a given period of time. Section 7.4 (Measuring Conditions) provides the conditions in which to perform the measurements. Specifically, the indoor-to-outdoor temperature difference during the measurement period must be greater than 50% of the indoor-to-outdoor temperature difference used for the heating or cooling design calculation. Additionally, for the heating season, the weather should be cloudy; for the cooling season, the weather should be sunny (ASHRAE 2010a). Table 7 summarizes the design conditions for the Pittsburgh test house. Section 7.4 (Measuring Conditions) of ASHRAE Standard 55-2010 (ASHRAE 2010a) requires only 2 hours of data collection to assess system performance. In this study, IBACOS performed the analysis for every day in which the average outdoor and indoor temperatures met Section 7.4 requirements (e.g., for all the minutes of all the days with conditions at or above 50% of the design conditions). To better capture aberrant behavior, the research team analyzed whole-day data rather than data during a single 2-hour period. For contrast, the team also performed analysis using the data from the time periods not meeting the conditions required for Section 7.4 (e.g., for all the minutes of all the days with conditions less than 50% of the design conditions). Solar irradiance is another important driver of the house load. IBACOS manually screened days so that periods considered as meeting Section 7.4 requirements for thermal loads also met the requirement of having design condition irradiance.
Instrumentation Setup
To assess the performance of the four distribution systems with respect to the ACCA Manual RS (Rutkowski 1997 ) and ASHRAE Standard 55-2010 (ASHRAE 2010a) guidelines, IBACOS installed instrumentation throughout the Pittsburgh test house. The research team installed thermocouples in each room in the house to measure air temperature (Table 8) . Then the team also made supply temperature measurements using thermocouples. Measurement of the outdoor conditions comprised temperature, humidity, and global incident solar radiation. Measurements from 20-sec scans were averaged over 1 min and were recorded. The data used for this analysis were collected from the systems installed in the Pittsburgh test house from April 15, 2012, to January 15, 2013. Internal sensible and latent gains according to the simulated occupancy schedule occurred through the monitoring period. Other loads and occupancy that were simulated using humidifiers and electric resistance heaters to match the simulated loads were based on the Building America House Simulation Protocols (Hendron and Engebrecht 2010b) and were implemented by one heater and one humidifier on the main floor and two small humidifiers and one heater in each of three of the four bedrooms. Three large humidifiers and one heater were located in the master bathroom to more accurately simulate the output intensity of moisture generated during showers. The research team simulated different loads by varying the duration of time of operation of the fixed output heaters and humidifiers. An ERV provided continuous ventilation to the house at ASHRAE Standard 62.2 rates (ASHRAE 2010b).
IBACOS took the following measurements throughout the course of one year: indoor conditions (temperature and relative humidity) measured at the thermostat, and temperature measured at 43 in. from the floor by thermocouples placed at the locations shown in Figure 8 . It has been shown that radiant asymmetry is negligible during cold weather; therefore, the team used unshielded thermocouples in this study. Sensor uncertainty is important, given the ±2°F margin of the ACCA analysis. To determine the likelihood of drawing an incorrect conclusion from the measured results, the team performed an uncertainty analysis using measurements sampled from a normal distribution. The measured data indicated any individual room's temperature to be normally distributed, with a typical standard deviation around 3.0. Additionally, each sensor's measurement is assumed to be of a standard distribution around the true value, with a standard deviation of 0.25. Using these assumptions, the team sampled one million theoretical measurements and determined the rate at which the sensor error caused an incorrect conclusion whether a room was within the comfort criteria. This analysis indicates an 87% accuracy; that is, there is a 13% chance that any individual conclusion is inaccurate. 
Field Test Results
IBACOS operated each system in the Pittsburgh test house for 12 days at a time throughout the course of a year to capture system operation in each season. The team analyzed temperature data from each room to determine the capability of the system in meeting room-to-thermostat temperature difference guidance by ASHRAE Standard 55-2010 Sections 5.2.5 (Temperature Variations with Time), 7.3.2 (Temperature Cycles and Drifts), and 7.4 (Measuring Conditions) (ASHRAE 2010a) and by ACCA Manual RS (Rutkowski 1997) as described in Section 3.1 of this report.
Due to issues encountered during testing-specifically, conflict with other testing occurring in the house during the cooling season and controls problems-data were not available for all systems during the cooling season. Limited data were available for the transfer fan and low volume system for the upstairs bedrooms. The results that follow are entirely for the heating season.
ASHRAE Standard 55-2010 Analysis
One potential source of occupant dissatisfaction is if the temperature of a room changes too rapidly or by too large of a magnitude. The magnitude of temperature change that an occupant will tolerate is impacted by the duration of time over which it occurs. Although ASHRAE Standard 55-2010 Section 5.2.5 (ASHRAE 2010a) allows room air temperature to change by up to 6°F over the course of 4 hours, only 2°F are allowed during periods of 15 min or less. For the systems tested in this study, the research team expected that the low airflow and transfer fan systems would see failures over a long duration due to inability to meet the individual room load, while the typical airflow system would see failures over short periods of time when it provided too much conditioning for the given load on a room.
To determine the ability of each system to meet ASHRAE Standard 55-2010 Section 5.2.5, IBACOS collected data during the heating test condition per Section 7.4 of ASHRAE Standard 55-2010 55- (ASHRAE 2010a . These data are summarized in Table 9 and Table 10 . The assumption that underconditioned rooms would fail over a long time frame held true. However, this is not obvious from the passing rate results shown in Table 9 because only one of the bedrooms showed a failure during the operation of the low volume system, and no bedroom failures occurred during the operation of the transfer fan system. Bedroom 4, the bedroom that did fail to meet the standard, failed 1% of the time due to a temperature change of greater than 4°F in 1 hour and 5°F in 2 hours. This bedroom also failed to meet the standard a total of 4% of the time during the operation of the typical airflow system due to a temperature change of 5°F over 2 hours and 6°F over 4 hours. Furthermore, this bedroom failed via a temperature change of greater than 2°F over 15 min (Table 10) .
Although none of the bedrooms failed ASHRAE Standard 55-2010 Section 5.2.5 (Temperature Variations with Time) (ASHRAE 2010a) during the operation of the transfer fan system, the second-floor landing did, failing 97% of the time due to temperature change of greater than 2°F over 15 min (Table 10 ). This occurred because the amount of conditioned air necessary to condition the entire second floor was delivered to one small space. Although the transfer fans appeared to be effective at maintaining the air temperature of the bedrooms over time, they did this at the expense of overheating the second-floor landing each time the system cycled on.
Results of the cycling analysis are shown in Table 11 through Table 14 In addition to the analysis performed during the conditions specified by ASHRAE Standard 55-2012 Section 7.4 (Measuring Conditions) (ASHRAE 2010a), IBACOS also performed the analysis during weather conditions that did not meet the requirements of Section 7.4. This occurred when the outdoor temperature was lower than the 50% design summer (82.55°F) temperature and greater than the 50% design winter (36.4°F) temperature (e.g., non-peak and midseason conditions). These data are tabulated for each system for heating mode. Table 15 provides a summary of these results. The low passing rate of the first-floor living/breakfast area and the second-floor landing is a result of the dual-point air distribution system supplying all conditioning air directly to these zones. Low Airflow, Doors Closed 2 100 100 100 100 100 100 83 100 100 100
Over-Door Transfer Fans, Doors Closed 15 11 9 98 100 15 100 100 100 100 100
As shown in Table 16 through Table 18 , rooms receiving the greatest conditioning air volume suffered significant cycling discomfort. Otherwise, during these mild conditions, each room had a high passing rate. 
ACCA Manual RS Analysis
Although the analysis in Section 4.1 focused on temperature changes over time within a given room, this Section 4.2 focuses on the difference in temperature between any given room and the thermostat, as well as the temperature difference between any one room and any other room. Guidance for this analysis is given by ACCA Manual RS (Rutkowski 1997) . The purpose of evaluating the temperature difference between any room and the thermostat is to determine the effectiveness of the system at executing the intent of the user. The range of temperature allowed by ACCA Manual RS for a given room-±2°F from the thermostat set point during heating mode-represents the tolerance that the system can have without the user noticing. Results from the ACCA Manual RS (Rutkowski 1997 ) analysis using the methodology described in Section 2.1 are shown later in this section in Table 19 through Table 22 .
Again, there is one table for each system (typical airflow, low airflow, transfer fans, and no ducted distribution). For consistency of data, IBACOS performed the analysis only on days that met the ASHRAE Standard 55-2010 Section 7.4 (Measuring Conditions) test conditions standard (ASHRAE 2010a).
In heating mode during ASHRAE measuring conditions, the typical airflow system was the most successful at keeping the rooms within the ±2°F from the thermostat set point specified by ACCA Manual RS (Rutkowski 1997) , as shown in Table 19 . However, even this system failed at least 80% of the time to maintain the temperatures of bedroom 2 and bedroom 4 with a maximum temperature difference of 8.3°F below the thermostat set point. It is unclear why only bedroom 2 and bedroom 4 showed these failures while bedroom 3 was successful. Because the data were collected during ASHRAE Standard 55-2012 Section 7.4 measuring conditions, outdoor conditions were cloudy-less than 2 hours of direct sunlight per day-with a temperature below 36.4°F. Bedroom 3 and bedroom 4 were stable during the ASHRAE cycles, drifts, and ramps analysis of the same data. Closer examination of the data as shown in Table 20 reveals that bedroom 2 and the master bedroom never reached the set point temperature. These two rooms, along with bedroom 4, also were underconditioned by 50% to 60%, based on their measured airflow rates as listed in Table 4 . Bedroom 4 did reach the set point and surpassed it at times, but this was largely due to incident solar gain through its south-facing windows. This room experienced the most variability, further highlighting the difficult nature of conditioning low-load homes with large amounts of southern glazing and minimal thermal communication with the rest of the house. Greater conditioning air would be necessary to maintain comfort on cold nights; however, during sunny days, the room would overheat. Potential strategies to mitigate this problem might include greater thermal communication via open doorways, jump ducts, or central AHU cycling, or through a modulating HVAC system capable of supplying differing amounts of air to each zone, dependent upon the load. In effect, there is no way for a conventional HVAC system to adequately condition these types of zones. The second-floor landing, where the thermostat for this zone was located, was within ±2°F from the thermostat set point 90% of the time. 0 -4.7 -5.3 -4.9 -4.7 -7.0 -8.3 -5.6 -7.4 -4.7 Percentage of time outside ±2°F band 7.0 14.6 6.1 7.1 7.2 35.1 80.0 18.5 84.9 8.9
One might speculate that stratification from the first floor to the second-floor landing caused a false satisfied reading for the second-floor thermostat or that the significantly lower airflow in three of the four bedrooms caused their persistent deviation from the thermostat set point. However, during the testing of the low airflow system (Table 21) , the master bedroom, bedroom 2, and bedroom 3 all improved, while bedroom 4 nominally remained the same. This trend was noticed, despite the system delivering approximately the same amount (20 CFM) of conditioned air to each room, as shown in Table 4 . Furthermore, this system was operated as a single zone for the whole house, with the thermostat located on the first floor. As shown in Table  19 , the hallway showed an increased percentage of failure, and this was indeed due to temperatures consistently at or above the set point (Table 20) . So thermostat location may have been a factor in the low temperatures observed in bedroom 2 and the master bedroom. However, if this were the sole factor, the failure rate for bedroom 3 would have increased when its delivered energy advantage was eliminated during the low-flow system testing. It did not. In fact, the failure rate of bedroom 3 decreased. To shed more light on the issue, an analysis of the transfer fan system is necessary. These data are presented in Table 22 . During the operation of the transfer fan system, the same trends were observed as during the operation of the typical airflow system: underheating of the northern bedrooms, bedroom 4 frequently out of bounds with both over-and underheating, and bedroom 3 within specifications most of the time. In this instance, the second-floor landing was overheating most of the time, indicating that the thermostat-in this case, located in the master bedroomwas calling for heating, but the transfer fans were unable to deliver it to the rooms. Upon reviewing the delivered air temperatures from the transfer fans, IBACOS determined that bedroom 3 received significantly warmer air because of its location near the second-floor landing supply register (Figure 4 ). That is, bedroom 3 received air that was 6°F to 10°F warmer than air received by the other bedrooms, which, assuming equal airflow to each room, would typically result in 10% more energy transferred relative to the other bedrooms. IBACOS' review of the solar data indicated that bedroom 4 did receive some solar gains coincident with its temperature rising above the thermostat set point. During operation of the transfer fan system, the whole house had a reduced performance, with a high rate of failure in the first-floor spaces. Bedroom 2 and the master bedroom also faced a large, grass-covered hill and had potentially lower infiltration (something a guarded blower door test may have indicated). Additionally, during clear sky, 50% of the view factor was taken up by the hillside. Bedroom 4 had a full sky view factor and no hill to block the wind. Also, three of the four walls of bedroom 4 were on the exterior of the home. This bedroom consistently had greater nighttime downward drift than did the other rooms. Bedroom 3 had the least amount of exterior wall area-only one of four walls. As a result, bedroom 3 had the smallest nighttime downward drift.
A summary graphic of this analysis is provided in Figure 9 . The percentage of time each room is more than 2°F different from the thermostat provides a binary indication of comfort. As a scalar measure of the magnitude of each excursion, a degree hour metric has been calculated for each room-that is, the temperature difference beyond 2°F multiplied by the number of hours for each excursion. If a room was 4°F greater than the thermostat for 3 hours, this would result in 6 degree hours deviation (4°F -2°F * 3). In this graphic, the number degree hours has been averaged over the number of days for each test period. From Figure 9 , it is evident the typical airflow system was most successful at maintaining thermal uniformity; however, all systems struggled to adequately condition the varied loads in the southern, sun-tempered bedroom.
In addition to the analysis performed during the conditions specified by ASHRAE Standard 55-2012 Section 7.4 (Measuring Conditions) (ASHRAE 2010a), IBACOS performed the analysis during weather conditions that did not meet the requirements of Section 7.4. This occurred when the outdoor temperature was lower than the 50% design cooling temperature and greater than the 50% design heating temperature (e.g., non-peak and midseason conditions). Table 23 and Table  24 present a summary of these results. During non-ASHRAE conditions, the impact of high solar gain can be seen in bedroom 3 and bedroom 4, with significant deviations above the thermostat set point with the limited distribution (Table 25 ) and over-door transfer fan systems (Table 26 ). The performance of the north-facing bedrooms (bedroom 2 and the master bedroom) improved during non-ASHRAE conditions. Again, the reduced flow rate of the low airflow system did not appear to impact its performance compared to that of the typical airflow system. During the operation of the transfer fan system, the whole house had a reduced performance, with a high rate of failure in the firstfloor spaces, consistent with behavior during ASHRAE conditions. Several conclusions can be drawn from the summary graphic, Figure 10 . Bedroom 2 and the master bedroom/bath continue to have significant comfort failure with the transfer fan system because the supply air is entering the opposite end of the hall, better conditioning bedroom 3. Bedroom 4 continues to suffer the most severe comfort failure due to its southern glazing. 
Discussion
In general, the standard airflow volume distribution system routed to all spaces requiring conditioning, with two thermostatically controlled zones, was effective at meeting the ACCA Manual RS (Rutkowski 1997) and ASHRAE Standard 55-2010 (ASHRAE 2010a) guidelines. It is notable that the system had difficulty in meeting both sets of guidelines in the upstairs bedrooms. The isolation between the bedrooms and the remainder of the house-caused by the closed bedroom doors-prevented the thermostat from responding to unique solar and internal gains. Additionally, the isolation allowed over-conditioning of the rooms whenever the loads in a room were less than the loads on the rest of the house. That the low airflow system did better than the typical airflow system in those bedrooms during heating mode could be attributed to the reduced load as a result of solar gains in those rooms that did not occur in the remainder of the house. This is consistent with the behavior of the two systems in cooling mode, where the bedrooms were consistently cooler with the typical airflow system than with the low airflow system. As a result, the rooms with high solar gains more frequently met ACCA Manual RS guidelines (Rutkowski 1997) ; however, the rooms with low solar gains more frequently failed the guidelines. This brings up the inherent compromise of a space conditioning system that does not provide room-by-room control. The question remains: Can a system capable of providing variable air volume to the bedrooms use an algorithm to optimize its response such that one system and one control can simultaneously satisfy rooms experiencing different fractions of their peak loads?
The system using open bedroom doors in conjunction with the single register in the upstairs hallway helped confirm expectations that the door opening could allow a substantial amount of energy transfer between the actively conditioned hallway and the non-actively conditioned bedrooms. Although not presented in this report due to scarcity of data, the results do point toward this conclusion.
The relative success of all systems in meeting the ASHRAE 55-2010 Section 5.2.5 standards (ASHRAE 2010a) can be attributed primarily to the quality of the thermal enclosure. The only remaining challenge is the impact of direct solar gains on occupant comfort. Although the solar heat gain coefficient values for the windows in this house were relatively low (0.22), solar gain was still significant. The potential occupant discomfort in individual rooms due to solar gains must be balanced against the windows' apparent wintertime energy benefits in whole-house models.
Conclusions
Two research questions to be answered by this report are as follows:
As shown in Section 4.1, failures according to ASHRAE Standard 55-2010 Section 5.2.5 (Temperature Variations with Time) (ASHRAE 2010a) for all four systems in the Pittsburgh test house tended to be cyclic in nature. The frequency of failure and the rooms that failed varied from system to system. Failures due to drifts or ramps greater than 15 min were rare in most cases; however, the research team observed that drifts or ramps were a result of specific bedrooms having different load profiles than those of the rest of the house. The transfer fan system was most successful in the bedrooms at the expense of frequent cyclic failure in the second-floor landing and living room, whereas the typical and low airflow systems were most successful at maintaining a high passing rate in all rooms throughout the house.
As shown in Section 4.2, during heating mode, all systems failed-at least at some point-to meet ACCA Manual RS guidelines (Rutkowski 1997) for room temperature variation from the thermostat set point. The type of failure was indicative of each system type, with the typical airflow system both over-and underheating spaces, whereas the low volume and transfer fan systems consistently underheated the bedrooms. The failure of the traditional system to adequately condition the space highlights the difficulty low-load homes present for HVAC designers. Reduced envelope load results in a greater impact from irregular internal gains and solar loads.
During midseason heating conditions, all systems showed improved performance with smaller room-to-thermostat temperature differences and typically a lower failure rate. There was a relative lack of acceptable data for the cooling mode analysis; however, data were available for the typical airflow system, which showed a substantial improvement compared to heating mode, with a failure rate of no more than 13%. This can be attributed to the different criteria used in ACCA Manual RS (Rutkowski 1997) for cooling mode room-to-thermostat analysis: ±3°F instead of the ±2°F specified for heating mode analysis.
The typical airflow system had the best ability to meet the ACCA guidelines and the ASHRAE Standard 55-2010 Section 5.2.5 (Temperature Variations with Time) requirements (ASHRAE 2010a). The low airflow system performed competitively enough to be worthy of future consideration. Although the transfer fan system was effective at meeting the requirements in the bedrooms, it did this at the expense of overconditioning the second-floor landing. The success of leaving the bedroom doors open with no distribution system is indicative of one factor that may impact comfort complaints in homes with real occupants: leaving the interior doors open can help compensate for an ineffective distribution system.
Ongoing research is focused on translating the measured results into a multizone energy model that can accurately compare many systems and control strategies. The results from this model will direct researchers toward the ideal control and air delivery strategies for a low-load home in order to balance efficient system operation with comfort in rooms with highly variable loads.
